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Abstract The dielectric metasurface hologram promises higher
efficiencies due to lower absorption than its plasmonic counter-
part. However, it has only been used, up to now, for controlling
linear-polarization photons to form single-plane holographic im-
ages in the near-infrared region. Here, we report a transmission-
type metahologram achieving images in three colors, free from
high-order diffraction and twin-image issues, with 8-level modu-
lation of geometric phase by controlling photon spin via pre-
cisely patterned Si nanostructures with varying orientations.
The resulting real and virtual holographic images with spin de-
pendence of incident photons natively enable the spin degen-
eracy removal of light, leading to a metahologram-enabled spin
Hall effect of light. Low-absorption dielectrics also enable us to
create holograms for short-wavelength light down to 480 nm,
thus spanning the three primary colors. It possesses the poten-
tial for compact color-display chips using mature semiconduc-
tor processes, and holds significant advantages over previous
metaholograms operating at longer wavelengths.
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1. Introduction

Recently, metasurfaces [1], consisting of ultrathin metal-
lic nanostructures, have shown great promise in the full
control of the polarization, amplitude and phase of light
[2]. The resulting applications include high-efficiency plas-
monic couplers [3], aberration-free [4] and dual-polarity [5]
metalenses, compact vortex generators [6–8], novel meta-
holograms [9–19], optical nonlinear signal generation [20]
and manipulation [21]. Among them, the metasurface holo-
gram is arguably the most intriguing one because it has
advantages in providing large space−bandwidth product
as well as in eliminating high-order diffraction and twin
images [9–12] than traditional holograms, leading to nu-
merous applications [22–28].

Currently, a high-efficiency plasmonic metasurface
hologram is implemented in reflective mode with a record
efficiency of �80% in the near-infrared regime [12]. Mean-
while, plasmonic metasurface holograms, working in trans-
mission mode, still suffer from low efficiencies due to
Ohmic losses in metals. Nevertheless, transmission-mode
components are equally important as many optical systems
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and elements operate in transmission mode across the in-
frared, visible, X-ray [29] and even relativistic electrons
[30], without the native challenge in separating the reflected
signal from the incident one. Moreover, one potential ap-
proach to achieve a high-efficiency transmission hologram
is to adopt high-index dielectrics, e.g. silicon [31] and TiO2
[32], which have much lower extinction coefficients than
metals in the visible to infrared regime. At the point of writ-
ing, the dielectric metahologram has only demonstrated the
control of light with linear polarization in the near-infrared
regime [33]. Furthermore, in the visible region, transmis-
sion metaholograms based on metals suffer from low effi-
ciency, single-wavelength or the narrow bandwidth opera-
tion in the long-wavelength range of the visible spectrum
[9–11]. Therefore, dielectric metaholograms in the entire
visible spectrum are greatly desirable in applications such
as multicolor holographic displays, and high-security im-
age encryption.

On the other hand, spin photonics [34] as an emerg-
ing field has gained much attention by developing various
nanophotonics devices to manipulate spin photons for ap-
plications, such as chirality-distinguishing beam splitters

C© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ORIGINAL
PAPER

Laser Photonics Rev. 10, No. 3 (2016) 501

[35], the spin Hall effect (SHE) of light [36], spin-dependent
metalenses [5] and couplers of surface plasmon polaritons
[37]. It mainly focuses on the inverse behavior of spin light
for removing optical spin degeneracy [34], which can be
realized more easily with the help of a spin-sensitive meta-
hologram due to its powerful capability in the complex
manipulation of light. The combination of spin photonics
and metahologram could significantly simplify the exper-
imental observation of spin splitting of light without the
requirement of rigorous circumstances [38] or complicated
designs [34, 36, 39].

In this paper, we demonstrate a novel Si metasurface
hologram that manipulates the spin of light in the visible (in-
stead of infrared) wavelengths. This metahologram, com-
posed of position-varying silicon nanorods, exhibits mul-
ticolor holographic images without high-order diffraction
and twin-image issues at multiple z-planes. By lithographic
patterning, the orientation of silicon nanorods was varied as
a function of position to provide the required phase modu-
lation for the transmitted spin-inversed photons. Due to the
excitation of magnetic resonances and lower absorption co-
efficient compared to metals, these subwavelength silicon
nanorods are able to function as nanoscopic dispersion-less
half-waveplates from 480 nm to 680 nm. Bringing meta-
holograms into the visible spectrum crucially enables their
application in imaging and displays. In addition, detailed
numerical and experimental results show that employing
single-crystal silicon and tuning the geometry of silicon
nanorods should improve the holographic quality further,
which provides an instructive guide for high-efficiency ma-
nipulation of light by dielectric metaholograms.

2. Materials and methods

Stemming from the different responses to the transverse
electric and magnetic fields of incident light, individual
nanorods with a large aspect ratio, i.e. length (l) / width
(w), exhibit significant birefringence, which can be utilized
to control the spin of photons [40]. Our optimized structure
with l = 190 nm, w = 100 nm and h = 370 nm is equivalent
to a miniaturized half-waveplate that reverses the spin of
the photon (Fig. 1a) and imprints the spin-inversed photons
with a geometric phase, depending on the orientation of the
nanorod [35]. Although metallic nanorods can also work
as miniaturized half-waveplates with the help of plasmon
resonances [40,41], our silicon nanorod possesses a differ-
ent underlying physics of employing magnetic resonance,
which will be shown later.

The geometric phase of the transmitted photons with
inversed spins, induced by a silicon nanorod, only depends
on its orientation angle θ as denoted in Fig. 1b and shows the
dispersion-less characteristic. The transfer efficiency ηTR,
defined as the ratio between the power of transmitted spin-
inversed photons to that of incident photons, is a function of
the illumination wavelength. Therefore, the Jones matrix of
a silicon nanorod with a rotating angle θ can be expressed
as

Figure 1 Mechanism of three-dimensional holography via sili-
con metasurface. (A) Sketch of manipulating spin photons via
silicon nanorad array for reconstructing three holographic images
at three separate planes 50μm, 100μm and 150μm away from
the sample. The silicon nanorod has a geometry of length l =
190 nm, width w = 100 nm and height h = 370 nm. This hologram
has a pixel pitch of Px×Py = 350 nm×350 nm. (B) Transmission of
spin photons through a silicon nanorod with an orientation angle
of θ . The transmitted photons with inversed spins are imprinted
with a geometrical phase of e±2 iθ . (C) Phase profile of transmitted
photons with inversed spins through a periodic array with θ vary-
ing (from 0° to 340° with an equal interval of 20°) silicon nanorods
along x in one period. The phase profile from z = 0 (where the top
surface of the nanorod is located) to z = 2.63 μm shows a tilting
phase profile, implying that the light is imprinted with a gradient
phase by θ-varying silicon nanorods. The simulated phase data
labeled by black asterisks (whose x coordinates are the same
with those of nanorod) at z = 1.84 μm (dashed white line) is cho-
sen as an example to compare with the theoretical prediction as
shown by the blue line in (D).

T (θ ) = R (−θ ) T0R (θ ) =
[

cosθ −sinθ

sinθ cosθ

]

[
i
√

ηTR (λ) 0
0 −i

√
ηTR (λ)

] [
cosθ sinθ

−sinθ cosθ

]

= i
√

ηTR (λ)

[
cos2θ sin2θ

sin2θ −cos2θ

]
, (1)

where R(θ ) is the rotation operator and T0 is the Jones
matrix of the silicon nanorod without rotation. With the
right- and left-handed spins of incident light are labeled σ±
with Jones vectors [1, ±i]T (superscript T denotes matrix
transposition), one can easily obtain its transmitted electric
field

Etrans = T (θ )

[
1
±i

]
= i

√
ηTR (λ)e±i2θ

[
1
∓i

]
, (2)

where the e±i2θ is the dispersion-less geometric phase, and
the spin of the transmitted photon is flipped from “σ±”
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to “σ∓”. It is worth noting that Eq. (2) is only valid for
transmitted photons with inverse spins as evaluated by its
transfer efficiency ηTR, which determines the total optical
efficiency of the metahologram. The transfer efficiency ηTR
depends on the absorption coefficient and the geometry of
the silicon nanorod.

Significantly, the geometric phase in Eq. (2) shows a lin-
ear dependence on the orientation angle of nanorods with
a factor of 2, which greatly reduces the design complex-
ity. To verify such a linear dependence, numerical sim-
ulations were carried out by using a finite-domain time-
difference (FDTD) method (Lumerical), where periodic
boundary conditions were used along x- and y-axes, with
a perfect-matched layer (PML) along the z-axis. A series
of silicon nanorods, with the orientation angles increasing
from 0° to 340° with a step of 20°, was illuminated by a
plane wave at 633 nm with a spin of σ+. The transmitted
light has the inverse spin of σ – with a tilting wavefront as
shown in Fig. 1c, indicating a gradient phase modulation
by nanorods. Figure 1d presents a quantitative comparison
between the theoretical prediction with Eq. (2) and the sim-
ulated phase values at a z-cut plane (dashed line in Fig. 1c),
which is 1.84 μm away from the sample surface, showing an
excellent agreement. This means that one can conveniently
control the phase of transmitted spin-inversed photons as a
function of space by controlling the orientation and position
of the nanorod to realize a multilevel phase modulation for
reconstructing holographic images.

Compared to a binary hologram, the multilevel phase
modulation in our hologram is capable of reconstructing
distinct images at different z-cut planes. Here, we demon-
strate the 3-dimensional holographic reconstruction in the
Fresnel region, where the propagation of light is approxi-
mated by the Fresnel diffraction theory as solved by a chirp-
transform method for fast simulation [27,42]. To obtain the
expected phase profile, a modified Gerchberg−Saxton al-
gorithm [43] is employed based on a phase-feedback strat-
egy, which rests on the basis of a weight superposition
of every phase profile for its individual holographic image.
The weight coefficient is evaluated by the root-mean-square
(RMS) error between the ideal and real images in the last
iteration (see Section 1 in Supporting Information). For
three-dimensional holography in Fig. 1a, 1000 iterations
were carried out to retrieve its phase profile with a pupil
diameter of 120 μm and a pixel size of 350 nm×350 nm
(as shown in Fig. 2a), realizing three reconstructed images
of “NUS”, “IMRE” and “SUTD”, i.e., the abbreviations
of the three affiliations of the authors, at the z-planes of
z = 50 μm, 100 μm and 150 μm, respectively.

Under the configuration of rotated silicon nanorods,
we encode the phase profile P(x0, y0) of the hologram in
Fig. 2a into a nanorod array with their orientation angles θ

obeying Eq. (2). Here, an 8-level phase modulation is em-
ployed as exhibited in Fig. 2b. Assuming that the inci-
dent light has the electric field Eσ±

in = A(x0, y0)[1, ±i]T,
where its amplitude A(x0, y0) is taken as unity for uniform il-
lumination here. We show that the spin-inversed light trans-
mitted through this silicon hologram has the diffraction field

in Fresnel region as

Eσ∓
trans (x, y, z)

= FresnelT

{√
ηTR (λ)A (x0, y0) e±i P(x0,y0)

[
1
∓i

]}

= exp (i2π z/λ)

iλz

∫ ∞∫
−∞

√
ηTR (λ)A (x0, y0) e±i P(x0,y0)

[
1
∓i

]

·exp
{

i
π

λz

[
(x − x0)2 + (y − y0)2]} dx0d y0, (3)

where FresnelT{} means the propagation of light in the
Fresnel region. The sign “±” of e±i P(x0,y0) depends on the
spin of the incident light, where it leads to the real and
virtual holographic images with convergent and divergent
waves, respectively. Such a capability of a metahologram in
polarization control of light will be verified experimentally
later.

Due to the dispersion-less phase profile P(x0, y0) real-
ized by our silicon hologram, the integral result in Eq. (3)
remains mathematically identical at different wavelengths
under the rigorous condition of λ1z1 = λ2z2. In other words,
one holographic image will be reconstructed without any
scaling (i.e., x and y are the same for different wavelengths)
at a series of z-planes as obeying this straightforward dis-
persion relationship. Note that this dispersion relationship
rigorously demonstrates the capability of our metaholo-
gram for achieving broadband operation of visible light, as
numerically verified in Fig. S1 of Supporting Information.
Therefore, due to the significant difference from a tradi-
tional hologram in the engineering realization of the phase
profile, our proposed metahologram is competent at both
polarization control and broadband operation of light. In
comparison, traditional holograms based on propagation-
accumulated phase delay in low-index dielectrics, such as
quartz [27] and a spatial light modulator [44], are wave-
length dependent so that their corresponding holographic
images will disappear when the wavelength of the illumi-
nation light is different from the designed one.

The designed metahologram is fabricated on a 370-nm
thick amorphous silicon film as deposited onto a 500-μm
thick glass substrate via electron-beam lithography (ELS-
7000, Elionix) followed by dry etching of the silicon [45].
The detailed processes and conditions are shown in Sec-
tion 2 of Supporting Information. Figure 2c presents the
scanning electron micrograph (SEM) image of the fabri-
cated silicon hologram with a gradually varying orientation
of nanorods. Its optical characterization was done using
a modified photon scanning tunnelling microscope (Al-
pha 300S, WITec GmbH) in a confocal configuration, as
shown in Fig. 2d. After collimated by a lens L1, a laser
beam from a fiber is illuminated onto the sample that is
fixed on a high-precision 3-axis positioning stage. The cir-
cularly polarized light source is generated by passing the
collimated light through a circular polarizer, which con-
sists of a linear polarizer LP1 and a quarter waveplate
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Figure 2 Demonstration of three-
dimensional metahologram. (A)
Designed phase profile for three-
dimensional hologram with its di-
ameter of 120 μm. Scale bar, 20
μm. (B) Sketch of silicon nanorod
(black rectangles) array encoding
designed phase of hologram (en-
circled in red rectangle of (a)). (C)
SEM image of one part of fabricated
silicon metahologram consisting of
92, 361 nanorods. Scale bar, 1μm.
(D) Experimental setup for charac-
terizing the hologram.

QWP1. The holographic images as formed by transmit-
ted spin-inversed photons is collected by a ×50 objective
lens and filtered by another circular-polarization analyzer,
before projecting onto a charge-coupled device (CCD) via a
lens L2.

3. Results and discussions

Figure 3 shows the experimentally captured holographic
images at three z-planes with a spin dependence of in-
cident photons. When incident photons have right-handed
spins, the transmitted photons with left-handed spins will be
used to reconstruct three convergent images labeled “NUS”,
“IMRE” and “SUTD” at z = 50 μm, 100 μm and 150 μm,
respectively, in Fig. 3a. In comparison, for incident pho-
tons with left-handed spins, its transmitted photons will be
imprinted with divergent wavefronts as shown in Fig. 3b,
where three virtual holographic images can be observed
at z = −50 μm, −100 μm and −150 μm, by changing
the sample−objective distance in the opposite direction (as
denoted by the sign ‘−’ for distinction). It is worthy to
note that both real and virtual holographic images nearly
have the same distribution without any significant distor-
tion, as predicted in Eq. (3), demonstrating its capabil-
ity of manipulating spin light in three-dimensional space.
Interestingly, this spatial splitting of holographic images
for two spins of incidence unveils the spin degeneracy re-
moval of photons, indicating metahologram-enabled SHE
of light.

In addition, because the oriented nanorod can easily
realize multiple levels of phase modulation, our metaholo-

gram can achieve extremely high diffraction efficiency ηDE,
which is defined by the ratio between the total intensity
of three images to that of transmitted light with inversed
spins (see Fig. S2 in Supporting Information). In our ex-
periment, the measured ηDE is 75% at 633 nm. The total
optical efficiency η = ηTR·ηDE (defined by the ratio of
the total intensity of three images to the incident inten-
sity) is measured �3% at 633 nm, which is likely lim-
ited by the amorphous state of our silicon, as discussed
latter.

To confirm the broadband operation of our silicon holo-
gram, a supercontinuum laser is used as the illumination
light with selected wavelengths from λ = 480 nm to λ =
680 nm. The captured holographic images and the mea-
sured dispersion relationship are shown in Fig. 4. Distin-
guishable images can be observed especially for λ>580 nm,
although the image-quality parameters such as uniformity,
shape and background noise vary slightly with illuminat-
ing wavelengths in the experiment. We would like to em-
phasize that, although the previous metallic metahologram
in transmission mode has shown broadband operation in
three-dimensional holography [11], its reported operating
wavelength is larger than 670 nm, due to the much larger
absorption coefficient of metal than silicon at shorter wave-
lengths in transmission mode. In comparison, metaholo-
grams, with supercell pixels and feature size larger than one
wavelength, have been reported to be capable of operating
at shorter wavelengths, e.g., 405 nm [13, 14, 16]. However,
they suffer from high-order diffraction and twin images like
traditional holograms. The use of a subwavelength pitch de-
sign makes our proposed metahologram immune to these
two problems. Therefore, to the best of our knowledge, our
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Figure 3 Measured three-dimensional hol-
ographic images. Captured holographic im-
ages with different x, y and z coordinates
under the illuminating light with left- (A) and
right- (B) handed spins. The transmitted light
with inversed spins has the convergent (A)
and divergent (B) wavefronts for holographic
images. Scale bar, 20 μm.

Figure 4 Broadband operation of silicon metahologram. The
theoretical (curves) and experimental (dots) dispersion relation-
ships are provided by the distance between the sample and the
z-position of every holographic image as a function of wavelength
λ. Insets: the experimental holographic images are provided with
different wavelengths of 480 nm, 532 nm, 580 nm, 633 nm and
680 nm, showing a better image quality for λ>580 nm.

silicon metahologram is the first attempt to realize the chal-
lenging broadband operation (i.e., spectrum width of 200
nm) of visible light with short wavelengths in transmission
mode (more details are given in Table 1), which paves a
critical step towards the application of metaholograms in
displays.

Although the metahologram has very good simulation
performance, as shown in the insets of Fig. S1, we have also
observed that the experimentally measured holographic
quality has a tight dependence on illumination wavelength
in Fig. 4. This discrepancy is mainly caused by the fact
that the transmitted or reflected light of a metasurface con-
tains two parts. One is “signal light” with crosspolarization
(orthogonal to incident polarization) with the modulated
phase by metasurface. The other one is “noise light” hav-
ing the same polarization as the incident one without any
phase modulation and it will destroy the image quality due
to its unwanted interference with “signal light”, if it is not
completely filtered out in an experiment.

From the viewpoint of experiment, we here make a
detailed investigation about the factors determining image
quality of nanorod metahologram. Without loss of gener-
ality, we assume that the polarization analyzer (i.e., QWP2
and LP2 in Fig. 2d) has no spatial volume so that it could
be inserted immediately after the silicon-hologram sample.
Thus, light after passing through the silicon hologram and
this polarization analyzer has the diffracting field
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Table 1 A comparison between our silicon hologram and other reported metaholograms. In order to give a clear demonstration of our
hologram, we provide a detailed comparison between our metahologram and other reported holograms in optical efficiency, operating
wavelength, twin-image and high-order diffraction issues in Table 1. It clearly shows that the performance of reflective metaholograms
has been improved very rapidly after 2015, especially in enhancing optical efficiency, eliminating high-order diffraction and twin-image
issues. However, for transmissive metaholograms, the good performance is only shown in the infrared region. The broadband operation
in short-wavelength visible light is very challenging in a transmitted mode, while it is realized by our silicon hologram with a bandwidth
of 200 nm from blue to red light. Therefore, our hologram is the first one to realize the broadband operation of visible light among all
transmissive metaholograms. Although our efficiency is not high enough due to the amorphous silicon, it has the great potential in
enhancing the efficiency through crystallized silicon as demonstrated in this paper

Operating mode Literature Total efficiency Wavelength Twin image High-order
diffraction

Materials

Reflection Butt et al. (2012) [50] Not reported 454 nm, 532 nm,
635 nm

Yes Yes Carbon nanotube

Huang et al. (2015) [13] 0.64−0.69% 405 nm, 532 nm,
658 nm

Yes Yes Aluminum

Montelogo et al. (2013) [17] 3% 650 nm Yes Yes Silver

Montelongo et al. (2014). [16] 3% 405 nm, 650 nm Yes Yes Silver

Chen et al. (2013) [14] 18% 405 nm, 633 nm,
780 nm

Yes Yes Gold

Wen et al. (2015) [19] 40% 475−1100 nm No No Silver

Yifat et al. (2014) [51] 60% 1550 nm Yes No Gold

Zheng et al. (2015) [12] 80% 600−1100 nm No No Gold

Transmission Huang et al. (2013) [11] Not reported 670−950 nm No No Gold

Walther et al. (2012) [15] 0.1% 905 nm, 1385 nm Yes Yes Gold

Zhou et al. (2013) [52] 0.2% 1550 nm Not reported Not reported Gold

Huang et al. (2015) [9] 2% 532 nm No No Chromium

Ni et al. (2013) [10] 10% 676 nm No No Gold

Arbabi et al. (2015) [33] 84−91% 915 nm No No Silicon

Our hologram 3% 480−680 nm No No Silicon

Etrans = Eσ∓
trans (x, y, z) + E′σ±

trans (x, y, z)

= FresnelT

{√
ηTR (λ)A (x0, y0) e±i P(x0,y0)

[
1
∓i

]
+

√
β ·

√
γ (λ) · A (x0, y0)

[
1
±i

]}

=
√

ηTR (λ)FresnelT

{
A (x0, y0) ·

(
(e±i P(x0,y0) + c)

[
1
0

]
+ (e±i P(x0,y0) − c)

[
0
∓i

])}
, (4)

where E′σ±
trans(x, y, z) stands for the noise light after the po-

larization analyzer. γ (λ) is the ratio of the intensity of noise
light to the incident intensity of metahologram. The atten-
uation parameter β of polarization analyzer is defined by
the ratio between its minimum transmitted intensity to the
incident intensity of analyzer and the relative noise c =√

γβ/ηTR determines the image quality. Here, we would
like to emphasize that Eq. (4) is another important result in
this paper, which is valid for all metasurface-based devices
and gives a complete description of all possible holographic
images obtained experimentally. To evaluate the effect of
relative noise c in experiment, we calculate their RMS error
between predicted images by Eq. (4) and the ideal ones in

Fig. 5a. This indicates that the holographic images domi-
nate the target plane without significant background noise
if the relative noise c is below 2 (or ηTR/γ>4/β). Consid-
ering that β is generally fixed in an experiment, it is more
important to increase the ratio ηTR/γ rather than ηTR in
improving the experimental quality of holographic images.
In addition, it also predicts that a high-quality holographic
image is still achievable in experiment even if ηTR is every
low, which is significantly distinct from the view that high-
quality holography usually requires high transfer efficiency
ηTR.

An experimental investigation on ηTR and ηTR/γ is im-
plemented to verify the above prediction by illuminating a
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Figure 5 Evaluation of holographic quality. (A) The RMS error
between real and ideal images at different relative-noise of c
defined in Eq. (4). The calculation of RMS error is implemented
by using holographic image “IMRE” in a spatial range of interest,
i.e., 42 μm×42 μm. Insets: The calculated holographic images
from c = 0 to c = 5 with a gradually increased background. (B)
Measured transfer efficiency ηTR for a periodic array of our silicon
nanorod. Inset: SEM images of silicon nanorod array. Scale bar,
500 nm. (C) Measured ratio ηTR/γ of the same periodic array.
It shows a rapid increment for λ>580 nm, being consistent with
high-quality images in Fig. 4.

350-nm period array of the proposed silicon nanorods by
a supercontinuum laser with wavelength ranging from 450
nm to 750 nm. Figure 5b shows the wavelength-dependent
transfer efficiency ηTR of around 5% obtained experimen-
tally, with which it is difficult to predict its holographic
quality. However, the measured ratio ηTR/γ has an abrupt
increment for λ>580 nm, indicating a better image quality
than that for λ<580 nm. This shows a good agreement with
the experimental results in Fig. 4 and confirms the validity
of predictions by Eq. (4).

Next, we investigate the approaches of decreasing the
relative noise c. Because the quarter-waveplate and linear
polarizer in a circular-polarization analyzer are commer-
cially achievable, its attenuation parameter β is taken to be
fixed and its role is ignored in the following discussions.
Thus, we only consider the possible methods by increas-
ing the ratio ηTR/γ , which tightly depends on the material
properties and nanorod’s geometry. First, the extinction co-
efficients of materials should be as small as possible to
minimize the ohmic loss. We give a detailed comparison
between their extinction coefficients of gold (Palik), crys-
talline silicon (c-silicon, Palik) and our amorphous silicon
(a-silicon) in Fig. 6a. The extinction coefficient of a-silicon,
measured by an ellipsometer, is much smaller than that of
gold, for which we are able to push its operating wave-
length down to 480 nm, as demonstrated above. However,
a-silicon shows stronger absorption than c-silicon, which

Figure 6 Factors determining holographic quality. (A) Extinction
coefficients of Au (Palik, red hollow circles), Si (Palik, solid black
curve) and our amorphous Si (blue asterisks, measured by an el-
lipsometer). (B) Transfer efficiency ηTR of crystalline (Palik, black
curve) and amorphous (blue curve, with measured refractive in-
dex of 4.22+0.47i) silicon at λ = 633 nm as a function of nanorod
height h ranging from 100 nm to 500 nm. The width and length
of nanorod is fixed at w = 100 nm and l = 190 nm in our paper.
Point A is pointing to the peak and valley transfer efficiency of
crystalline silicon with h = 370 nm. Insets: The three-dimensional
coordinate used in all simulations of this paper. (C) The transmis-
sion of crystalline silicon nanorod under the x- and y-polarized
illumination. Their individual transmission coefficients are tx and
ty with a phase difference of �ϕ = Arg<tx>−Arg<ty>, where
Arg<> is the argument of a complex number. (D) The cross-
section intensity and vector profiles of electric (E) and magnetic
(H) fields in silicon nanorod (red dashed rectangles) of Point A
(h = 370 nm) in (b) under the x- (left) and y-(right) polarized illu-
mination. The white and black arrows denote vector direction of E
and H, respectively. Insets: The wave vector (k) and polarization
(E) of incident light for both illuminations. Scale bar, 50 nm. (E)
The relative noise c of crystalline (black curve) and amorphous
(blue curve) silicon for a polarization analyzer’s attenuation pa-
rameter β = 10–2. For amorphous silicon, its relative noise c is
larger than 2 around h = 200 nm, implying a poor image quality.
(F) The relative-noise c of crystalline (Palik) silicon without em-
ploying any polarization analyzer, i.e., β = 1. This shows that the
holographic quality is also good for height h located in the color
region.

provides an opportunity to improve the holographic quality
further.

Secondly, the geometry of silicon nanorod is also impor-
tant to tune the electric and magnetic resonance in silicon
for a high ratio ηTR/γ . Considering that the large aspect ratio
of nanorods is usually used for obtaining the birefringence
effect, here we only focus on the influence of nanorod’s
height h to its transfer efficiency ηTR and image quality
of hologram. Figure 6b displays the transfer efficiency of
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c-silicon and a-silicon as a function of height h, with its
illuminating wavelength taken at 633 nm, for example. For
c-silicon, its transfer efficiency is very sensitive to h due
to the resonance of electric and magnetic dipoles in silicon
[46–48] and it is capable of obtaining a high value if both
orthogonal components (i.e., Ex and Ey) of incident circular
polarization have high transmission and a phase difference
of π , which is verified by the cases with 350 nm<h<440
nm in Figs. 6b and c. In comparison, owing to its larger
extinction coefficient, a-silicon has a much smaller transfer
efficiency with an h dependence, having a maximum value
at h = 350 nm.

For a better understanding of the role of the resonance
mode in spin photon manipulation, both cross-sectional in-
tensity and vector profiles of electric and magnetic fields
in a 370-nm thick nanorod (i.e., point A in Fig. 6b) are
plotted in Fig. 6d, where two modes exist. It is noticed that
the magnetic energies of both modes are highly confined in
silicon nanorods. The resonance mode is dominated by a
magnetic dipolar mode under x-polarized illumination but
by a magnetic quadrupolar mode under y-polarized illu-
mination [49]. As a control case for a better comparison,
we also provide the relative intensity and vector profiles of
electric and magnetic fields in amorphous silicon nanorods
in Fig. S3 of Supporting Information. This also shows a
similar magnetic resonance, while the magnitudes of elec-
tric and magnetic fields are much lower due to the higher
extinction coefficient of amorphous silicon. Therefore, in
our proposed silicon metasurface platform, the magnetic
resonance greatly contributes to the high transmissions of
both components and their phase difference of π in the
simulation.

Figure 6e shows the simulated relative noise c (with
β = 10–2 for example) of a-silicon and c-silicon nanorods
by varying the height h. The relative noise of c-silicon is
small enough (below 0.5) so as to give a good quality from
h = 100 nm to h = 500 nm, while a-silicon fails around
h = 200 nm with c>2. Therefore, the ohmic loss of material
is more crucial than the nanorod geometry in enhancing the
holographic image quality.

Interestingly, we also note that the image quality is still
satisfactory even without a polarization analyzer (i.e., re-
moving QWP2 and LP2 in Fig. 2d, and β = 1). Figure
6f shows that the relative noise c of c-silicon is smaller
than 2 in the color region, implying a good quality im-
age in spite of the absence of a polarization analyzer
only if the ratio ηTR/γ is large enough. This exciting
theoretical prediction provides the fundamental proof for
integrating these silicon-based metadevices directly into
silicon-photonics system (e.g., waveguide, fiber) without
any requirement of auxiliary devices such as polarization
analyzers.

4. Conclusions and outlook

In summary, we have demonstrated a silicon metahologram
for three-dimensional and broadband manipulation of spin

light at visible wavelengths from 480 nm to 680 nm. The
transmission hologram imparts dispersion-less geometric
phase to transmitted light in the opposite spin by spatial
control of the nanorod orientation. We predict that its perfor-
mance in optical efficiency and image quality can be further
improved by using crystalline silicon over the amorphous
silicon used in the current experiment. The metahologram-
enabled spin Hall effect of light could open up new
opportunities for complex manipulation of spin photons
by developing novel spin-dependent metadevices in spin
photonics. The developed theory describing the diffraction
propagation of light in real experiment is suitable for gen-
eral metasurface-based nanodevices or optical systems and
suggests a straightforward physical variable of relative-
noise to evaluate holographic quality. More importantly,
this theory also provides evidence that all silicon-based
metadevices can be integrated directly into silicon pho-
tonic circuits without the need for other additional com-
ponents nor sacrifice in performance, which paves a solid
path towards the application of metamaterials in photonic
integrated circuits.

Supporting Information

Additional supporting information may be found in the online ver-
sion of this article at the publisher’s website.
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